Temperature is often used as the primary driver to model soil respiration (R S ) and several models based only on temperature have been used to estimate it, with a variable degree of accuracy. An adequate availability of photosynthates translocated from the canopy also affects root respiration (R R ) and therefore R S . In this work, carried out in an apple orchard for three years, we assessed the role of temperature to R S and its autotrophic (R R ) and heterotrophic (R H ) components. We also determined the variation over the season of R S at a reference temperature and related it to concurrent data of gross primary productivity at ecosystem level (GPP), light (PPFD), air temperature (Tair), orchard net primary productivity (NPP) and root growth rate. Several of these factors were then incorporated into a model to estimate R S . Data showed that temperature alone explained less than 50 % of R S variability at yearly scale. GPP, NPP, PPFD and Tair were correlated to R S at a reference temperature. The contribution of root respiration to R S increased with increasing photosynthetic activity, total tree and root growth, PPFD and Tair. On a diurnal scale, the time lag between the pattern of GPP and the pattern of R R was between 2.5 and 3 h during the growing season, decreasing to 1.5 after fruit harvest. Including GPP, NPP, PPFD and Tair to a temperature-based model improved its predicting power of R S . The results confirm the existence of a tight coupling between plant metabolism and root-derived soil respiration in the apple orchard.
Enhancing prediction accuracy of soil respiration in an apple orchard by integrating photosynthetic activity into a temperature-related model 
Introduction
The emission of carbon dioxide (CO 2 ) from soil is the major ecosystem carbon flux after photosynthesis [1] . This flux can origin from plant roots and their associated organisms (root respiration, R R ) or can be produced by soil microorganisms decomposing the soil organic matter (heterotrophic respiration, R H ). It has been highlighted that the sharp separation of these two components is actually an artifact because of the important role of rhizospheric microorganisms to soil respiration (i.e. heterotrophic respiration, but associated with roots). However, this conceptual splitting is useful in ecological research to study the factors controlling these processes [2e4] .
Temperature is used as the primary driver to model soil respiration. Many equations have been developed over the years to relate these two variables [5] , the two most common likely being the exponential function known as Q 10 and the Arrhenius-derived Lloyd and Taylor [6] . Both models estimate two parameters representing the respiration flux at a fixed temperature (known as basal respiration, BR, in the exponential model, and as Rref, in the Arrhenius-derived model) and the sensitivity of respiration to temperature changes (known as Q 10 and E 0 , respectively). Both models, although very effective under the climatic conditions observed in many ecosystems, suffer of the drawback of predicting an indefinite increase of CO 2 flux with increasing temperature [5] , an effect which is highly unlikely due to the existence of temperature optima for all organisms, exceeded which the inhibition of vital functions, including respiration, can be observed [7, 8] . In addition, both models display the downside of relating the respiration flux to temperature only, a convenient, but insufficient representation of respiration drivers in ecosystems [9e11] . One of the main issues is that soil respiration at reference temperature conditions, i.e. BR or Rref, clearly changes over the season [12, 13] indicating the existence of a temperature-independent erepresented by BR or by Rrefe and a temperature-dependent portion of soil respiration, that should be taken into account when modelling these processes [12] .
Soil respiration at a reference temperature may be used to compare R S of different ecosystems [14e16] . However much of the observed variation in soil respiration is probably attributable to variation in substrate availability in space and time [10, 17, 18] thus it is necessary to include variables accounting for this factor into soil respiration modelling [19] . Autotrophic respiration, which may represent the majority of respired CO 2 during periods of high productivity [20] , is linked to aboveground C assimilation and C transport to roots via plants' phloem, and therefore it is not exclusively controlled by temperature [21] . Continuous measurements of gross primary productivity (GPP), such as those deriving from the eddy covariance technique, as well as periodic measurements of net primary productivity (NPP), allow knowing the current organic C production of the ecosystems, which can be used as a proxy of C supply to roots [19] . Environmental drivers such as the available photosynthetic radiation (PPFD) and the mean daily air temperature (Tair) are well correlated to the C assimilation capacity of an ecosystem and could also be used as a proxy for C availability to the plants. An adequate availability of photosynthates translocated from the canopy affects root respiration and therefore R S . Roots need C for their maintenance respiration and, especially during growth periods, for growth respiration [22] . Root density and root growth therefore affect R R .
Many studies dealt with soil respiration in forests and grasslands, but far less in agricultural ecosystems, especially in orchards [23e27] . With this research, we intended to relate the seasonal variation of CO 2 emissions from soil due to heterotrophic and to root activities with environmental and biological parameters in an apple orchard located in Northern Italy. We applied the trenching technique to partition between the two soil respiration components [28] . The respiration at a reference temperature was used to assess the influence of assimilate supply, by correlating it with four parameters assessed independently and serving as proxy for C supply to roots (temperature, photosynthetically active radiation, net and gross primary productivity). The objectives of this work were: i) to assess the effect of temperature on R S and its autotrofic (R R ) and heterotrophic (R H ) components; ii) to relate the assimilatory and the respiratory CO 2 fluxes at a diurnal time scale; iii) to relate the respiration at a reference temperature with concurrent data of gross primary productivity at the ecosystem level (GPP), light (PPFD), air temperature (Tair), orchard net primary productivity (NPP) and root growth rate; iv) to incorporate into a model to estimate R S the photosynthetic activity (GPP) or other main variables (PPFD, Tair and NPP) that covary with photosynthesis during the season.
Material and methods

Site description
The experimental site is an organically-managed apple orchard established in 2000 [29] . Six plots with a surface of 12 m 2 containing five trees each were chosen for soil CO 2 flux and ancillary measurements (Fig. 1 ).
Soil CO 2 flux
Soil respiration was measured by an automated soil CO 2 flux system coupled with a multiplexer allowing the continuous, unattended measurement of 8 positions using long-term dark chambers (LI-8100 þ LI-8150 with 8 chambers type LI-8100-104; Li-Cor Biosciences, Lincoln, Nebraska, USA). Four chambers were kept on the same position for the whole season, while the other four were rotated over 12 different positions on a weekly basis. Plastic collars for soil respiration measurements were placed on site in January 2010. The collars had an inner diameter of 20 cm and a height of 11 cm; they were permanently inserted in the soil, equally distributed in the north and south side of the apple trees, at a depth of 3 cm and placed to have the centre at a distance of 30 cm from the tree row, between two adjacent trees ( Fig. 1) . Half of the collars were placed on undisturbed soil areas to measure total soil respiration, and half were placed on areas where in June 2009 a trench of 50 Â 50 cm was excavated to a depth of 60 cm. To avoid the growth of tree roots into the trenched area, a lining resistant to decomposition and to root penetration, but permeable to water and air, was inserted into the trench that was then refilled with soil. Although the mesh of the tissue used to trench was likely not small enough to stop the growth of mycorrhizal hyphae, soil respiration measurements taken from the trenched areas were assumed to be equal to heterotrophic respiration (R H ). The herbaceous vegetation growing along the tree alley and inside the trenched soil areas was periodically removed by hand.
Soil respiration from each collar was measured every 30 min and each measurement lasted 2 min and 35 s during which CO 2 concentration was measured every second; the first 45 s were considered as buffer period and were excluded from the calculations. Soil respiration was calculated from the rate of increase of CO 2 concentration in the measurement chamber in the remaining 1 min and 50 s. The correlation coefficient of the linear relation between time and CO 2 concentration was used as quality control, discarding values with R 2 below 0.9. Data were collected from 11
February to 17 November 2010 and from 14 February to 7 December 2011.
Relationship between soil respiration and temperature
Two models relating soil respiration to temperature were initially applied to the whole annual dataset of measurements obtained from each individual collar: the exponential (Q 10 ) model
and the Arrhenius-derived Lloyd and Taylor equation [6] .
where R is the measured soil respiration rate (mmol m À2 s À1 ), BR is the basal respiration and Rref is respiration at the reference temperature at 10 C, Q 10 and E 0 describe the temperature (T) dependence of the respiration. The comparison between these two models was performed by calculating for each collar the R 2 adjusted
for the degree of freedom, the root mean squared error (RMSE) and the mean absolute error (MAE) and performing a paired t-test. Using the Lloyd and Taylor model (Equation (2)) we obtained consistently slightly higher R 2 , lower root mean squared errors (RMSE) and the mean absolute errors (MAE) than when data were fitted according to the Q 10 model (Equation (1); Table 1 ).
The missing values of soil respiration efor example those of winter months, when the system was withdrawn from the field for technical reasonse were gap-filled using the parameters Rref and E 0 (Table 1 ) and applying Equation (2) . The average and the relative uncertainty were calculated to obtain the total R S or R H. To estimate total annual R S and R H the gap-filled time series of respiration data obtained from each non-trenched and from each trenched collars were respectively summed. Root respiration, R R , was always calculated as difference between R S and R H while its error was estimated using the propagation of uncertainty.
Tree photosynthesis, tree growth and environmental parameters
Eddy covariance measurements of net ecosystem carbon exchange (NEE) were available at the site for the same period in which soil respiration measurements were taken. Full description of the eddy covariance set-up is reported in Zanotelli et al. [29, 30] . Briefly, eddy covariance measurements were carried out in 2010 and 2011 using a LiCor 7000 (Lincoln, NE, USA) CO 2 /H 2 O analyser and a Gill R3 (Gill Instrument, Lymington, UK) sonic anemometer located 4 m above the tree canopy. Data were collected and computed with Eddysoft software [31] . Low quality data for turbulence and stationarity were screened out according to the Foken and Wichura quality test [32] . Gaps in data collection and flux values removed due to quality control concerns were filled with look-up tables (LUT) based on meteorological seasonal conditions. The observed data of NEE were used to assess gross primary productivity, GPP, by extrapolating daytime ecosystem respiration values for a bimonthly period from the nocturnal LUT according to air temperature and soil humidity for the specific daytime halfehour period.
Photosynthetic active radiation (PPFD) was measured by a PAR quantum sensor (Skye Instruments Ltd, Powys, United Kingdom), air temperature (Tair) at 8 m by CS215 (Campbell Scientific Incorporated, Logan, Utah, United States; CSI hereafter), and soil water content inside and outside the trenched areas by multiple TDRs (CS616, CSI). All meteorological data were recorded by a CR3000 (CSI).
Net primary productivity (NPP) was assessed biometrically during the growing seasons of 2010 and 2011 with a monthly frequency (8 sampling dates from April to November in both years). Six ecosystem components (above and belowground woody structure, fruits, leaves, fine roots and the herbaceous groundcover) were considered and quantified separately as described by Zanotelli et al. [29, 30] . Total NPP was obtained by the sum of all the measured components in each sampling date. Fig. 1 . Schematics of each experimental plot. Dimensions and distances among elements, here represented in scale, are detailed in Materials and Methods. Collars for soil respiration measurements are indicated as grey circles with black borders. Two collars were set on undisturbed soil while the other two collars were installed on trenched areas (indicated with a dashed smoothed square). Three minirhizotrons (indicated with dark grey rectangular forms with pointed endings) were also installed. The soil positions where root density was measured are represented by black dots. Table 1 Temperature sensitivity of total (R S ) and heterotrophic (R H ) soil respiration obtained by applying Equations (1) and (2) to the quality-checked dataset (n) collected in control (R S ) and trenching plots (R H ) in 2010 and 2011. Parameters of the equations (average ± standard error) and statistical parameters evaluating the fitting of the two models (adjusted R 2 , RMSE and MAE) are reported. Tree root density was evaluated by soil coring with a cylindrical auger in several positions of the same orchard, outside the experimental parcels. Soil cores were collected in March 2010, before the beginning of vegetative growth, under six randomly chosen trees. Soil cores were sampled at 15, 35, 55 cm from the trees on both sides of the tree row to minimize any potential effect of north-south orientation, in line with the trunk and between two trunks (Fig. 1 ). Roots were divided in fine and coarse based on the threshold diameter of 2 mm. Since the soil underneath trees was regularly weeded, we assumed that all the roots collected within this area belonged to apple trees. Soil core sampling was performed up to a depth of 60 cm. Roots were separated from soil by wet sieving, dried in oven at 65 C and weighted.
Root growth was assessed by image analysis. Minirhizotrons were installed in summer 2009. Transparent acrylic tubes 110 cm long and 7 cm wide were inserted into the soil profile with 45 inclination angle, parallel to the tree row and at a distance of 15, 35 and 55 cm from trunks (Fig. 1) . This setting allowed to measure root growth up to a depth of 60 cm. After a first screening of the collected images, 8 representative minirhizotrons were considered for the analysis. Images of roots were taken at a 300 dpi resolution with a root scanner (CI-600; CID BioScience, WA, USA), every 2e4 weeks, depending on the season, from 27 January to 12 
. Image analysis was performed with the dedicated software WinRHIZO (Regent Instruments Inc., Canada). Each time and for each image, root length and average diameter area were measured and the root volume was calculated assuming roots as cylindrical. The data obtained from images taken at different depths were summed and the data from the three distances from the trunk (15, 35 and 55 cm) were averaged.
Integration of photosynthetic activity into a model and statistics
Data of total NPP were divided by the number of days between each sampling date to obtain the average daily NPP along the season. Similarly, average data of daily GPP, PPFD and Tair were calculated for the same periods as NPP. Equation (2) This method was chosen to avoid the drawback of the ordinary least square regression method occurring when both variables are affected by errors, such as the asymmetry of parameter estimation and the underestimation of the slope parameter. To account for the photosynthetic activity of the plant throughout the growing season and therefore to produce an improved model to estimate R S and R H , four new models were produced substituting Rref in Equation (2) with the parameters of the linear equation relating GPP, NPP, PPFD or Tair to R S or R H : The five models obtained with 2010e11 data were tested against measured respiration data collected in 2012 in the same field. Only those days (for a total of 69 days) when all 48 half-hour data for both R S and R H were available were used to check the model. A major axis (MA) regression of the predicted vs. observed values was calculated together with its upper and lower 95 % confidence interval, and the hypothesis of intercept ¼ 0 and slope ¼ 1 was tested for each model using the standardized major axis (SMA) function [33] . Additionally, the root mean squared deviation (RMSD) was calculated for each model, assessing the mean deviation (in g C m À2 day À1 ) of predicted values respect to the observed ones.
A cross correlation analysis ("ccf" function from the R statistical computing environment [33] ) was applied to the half-hour time series of GPP and R R at monthly time-step to check the existence of a correlation between the two fluxes and to assess the time lag between the two diurnal flux patterns.
The statistical analyses were performed with StatGraphics Centurion XV and with the software R [33] .
Results
Soil CO 2 fluxes
An example of data fitting according to the Lloyd and Taylor model is reported in Fig. 2 (Fig. 2) . In both years, air temperature explained less than 50 % of the variability of R S data, while it explained a higher percentage of R H (Table 1) . Despite the apparently lower fluxes of 2010 respect to 2011, the total annual R S was not statistically different between the two years (1182.19 ± 78.49 and 980.69 ± 171.16 g C m À2 year À1 , respectively). On an annual basis and for both years, R H was 56e57 % of R S (data not shown).
Soil respiration at reference temperature, Rref, increased in spring and early summer to reach a peak in summer ( Fig. 3e and f) . The seasonal trend of the E 0 parameter was similar for R S and R H although in 2010 it was more variable than in 2011 for both R S and R H (Fig. 3g and h ). E 0 increased from mid-February to mid-May when it reached its maximum. After this date, E 0 steadily declined until the end of the vegetative season.
Relationship between photosynthesis and root respiration at diurnal scale
While GPP showed a great variation within the day, with a peak in the central part of the day, root respiration varied only slightly ( Fig. 4a and b) . The daily course of GPP and R R in each month showed a time lag between the two fluxes with GPP leading R R . As shown in Table 2 , from April to September the maximum correlation coefficients between R R and GPP (from 0.65 to 0.78) were found with a time delay of 2.5e3 h of R R respect to GPP. In October of both years, the highest correlation coefficients corresponded to a time delay of 1.5 h. An example of the cross correlation analysis (ccf) analysis between GPP and R R in August and October is reported in Fig. 4c and d. 
Relationship between tree growth, photosynthesis and environmental parameters, and Rref at annual scale
The GPP and NPP patterns across the season approached a bell shape, with maximum values between late spring and the end of summer, when both PPFD and Tair were highest (Fig. 3) . More GPP, but not NPP, was produced in the second half of the year (from July on) than in the first half.
Root density was highly variable depending on where the soil core was sampled (Table 3) . North or south orientation had no significant effect on root density therefore only their average is reported in Table 3 . Coarse roots had higher density than fine roots up to 40 cm from the tree row, while the fine root biomass was higher than coarse root at 60 cm from the tree row. Fine root density, but not coarse root density, linearly decreased at increasing distances from the tree row.
Root growth rate was higher in 2011 than in 2010 ( Fig. 3c and d) . In both years root growth rate increased after winter and the highest values were measured in late spring-early summer. Root growth rate decreased in late summer-early autumn and it increased again in October (Fig. 3) .
Significant linear relationships between the Rref calculated for R S , R H and R R and GPP, NPP, PPFD and Tair were found ( Fig. 5 and Table 4 ). Intercept values were always higher when R H was used as dependent variables than when R R was used ( , and with GPP approaching 9.2 g C m À2 d
À1
. All relations between the data observed in 2012 and the predicted counterpart calculated using Equation (3) were significant ( Fig. 6 and Table 5 ). However, some models predicted the measured data better than others did. For R S , both hypotheses of intercept ¼ 0 and a slope ¼ 1 were verified only when PPFD was used in addition to Tair (Fig. 6c) . When GPP was used as additional predictor, predicted and measured data were well correlated (Table 5) , although observed data were overestimated at low respiration rates and underestimated at high respiration rates (Fig. 6a) . Interestingly, GPP was the best additional predictor of R H as the intercept was not different from 0 and the slope was only barely significant (Table 5 and Fig. 6f ). Tair also appeared to be a relatively good additional predictor for R H as the intercept was not different from 0 (Table 5 and Fig. 6i) . In all the other cases both hypotheses that the intercept is 0 and that the slope is 1 had to be rejected due to highly significant p values, indicating a low capacity of the models to predict respiration with accuracy (Table 5 ).
Discussion
The average temperature of the air explained a significant fraction of the variability of total soil respiration, ranging from 40 to 46 % and slightly variable according to the year and the model used (Q 10 and Lloyd and Taylor). Using both models, temperature alone explained a higher degree of variability of R H than of R S (especially in 2011, R 2 ¼ 0.66e0.70) a fact suggesting that factors different from temperature had a higher control on total soil respiration (R R þ R H ) than on R H alone. Both models showed a coherent picture, with R H at the reference temperature of 10 C representing between 53 and 59 % of total R S (Table 1) , a proportion reported also in other ecosystems [34] , although cases where autotrophic respiration slightly exceeding heterotrophic respiration are also reported [35, 36] . The Q 10 for total soil respiration (1.8, Table 1 ) was close to the value of 1.72 reported as average of several ecosystems [37] and slightly lower than the value of 2.4 reported by Ceccon et al. [26] for an apple orchard. Although important, temperature as solely predicting variable only partially explained the variability of soil respiration and could not be used alone to predict daily soil respiration in 2012 with a good accuracy (Table 5, Fig. 6 ). We therefore integrated the temperature-independent portion of soil respiration, represented by Rref, by adding to Equation (2) either the photosynthetic activity, represented by GPP, or the other main variables (PPFD, Tair and NPP) that covary with photosynthesis during the season (Fig. 3) . A similar approach was proposed by Bahn et al. [16] to assess differences among ecosystems at annual scale, while the seasonality between dormant and growing season was approached by Ruehr and Buchmann [15] . In our study, there was a seasonal pattern of the total respiration at a reference temperature (R S ref, Fig. 3) , typical of temperate tree ecosystems [9, 38] corresponding to that observed for GPP, NPP and root growth rate (Fig. 3) . The dependence of soil respiration from the physiological activity of the trees is indicated by the degree of correlation between Rref and GPP, NPP, PPDF and Tair, recorded in different periods of the two years (Fig. 5,  Table 4 ). A positive correlation of temperature-independent soil respiration and the photosynthetic active radiation and air temperature was also found by Liu and colleagues [39] .
The contribution of R R to R S increased at increasing values of GPP, NPP, PPFD and Tair, as indicated by the slopes of the linear regressions reported in Fig. 5 . Although not supported by specific (2)). statistical analysis, it is worthy to note that the highest values of R R ref were recorded after roots had reached their highest growth rate (Fig. 3) . This is in line with the assumption that tree root density affects root respiration rate [14, 26] . The root dynamics also contribute to explain the changes of root respiration over the season, as it includes components with different temporal dynamics such as ion uptake, maintenance and growth respiration [40, 41] .
In Equation (3), the parameter E 0 we used was the average of the two years to avoid the confounding effect due to its variability evident especially in 2010 (Fig. 3g) . We are aware that this procedure might have led to an under-or an over-estimation of the predicted values as suggested by Reichstein et al. [12] , who demonstrated that E 0 is lower when calculated for sub-periods and then averaged than when calculated for a single longer period. To test to which extent our assumption could have led to estimation errors of the predicted values, we applied Equation (3) also by using arbitrary values of E 0 included between 50 and 300 K at step increments of 50 K. We found that the total amount of soil and heterotrophic respiration is indeed affected by the value of E 0 , but that the overall predicting power of Equation (3) does not change substantially when compared to measured data (data not shown).
The evidences reported in our study suggest that at yearly scale, Table 2 . Table 2 Results of ccf analysis between R R and GPP daily fluxes with the time delay (h) of R R respect to GPP corresponding to the maximum correlation coefficient between the two fluxes. Table 3 Apple root density at different distances from the tree trunk. Data, reported as dry weight in kg m
À3
, refer to the first 60 cm of soil depth (average ± standard error).
Distance from tree row (cm) root respiration is affected by the tree availability of carbohydrates, which most likely affects the amount of C allocated to the root system [19] . The effects of tree photosynthesis on root respiration is also supported by the covariation of root respiration and photosynthesis data found at daily scale, where a time lag of 1.5e3.0 h was recorded (Table 2 and Fig. 4) , consistently with previous reports [42, 43] . The fact that photosynthesis provides an important and immediate C source to roots was proved in grasslands by the use of stabile isotope technique [16] . Interestingly, the time lag between the two time series was between 2.5 and 3 h from March to September, but decreased to 1.5 h in October and November. Since fruits represent approximately 50 % of NPP [30] and represent a strong sink of C assimilates, this reduction of time lag between fixed and respired C in the late part of the season may be related to their removal at the harvest time. Interestingly, not only root respiration but also heterotrophic respiration was affected by tree activity as indicated by the fact that also R H ref increased at increasing values of GPP, NPP, PPDF and Tair (Fig. 4) and by the fact that GPP was the best additional predictor of R H in 2012 (Table 5) . Although it has been already reported that heterotrophic respiration could be directly affected by GPP through the decomposition of dead roots and leaf litter [44] , this explanation does not apply to our experiment because R H was measured in plots where no roots should have been present. We hypothesize that this finding might be related to the presence of root-associated mycorrizhal fungi in the trenched plots, whose respiration depends on the availability of C assimilates [19, 45] . Another explanation might rely on the multicollinearity existing between plant activity and microbial activity during the season. Further investigation is needed to confirm these hypotheses.
The results shown in Fig. 6 clearly demonstrate that the Lloyd and Taylor model has a relatively low prediction power of soil Table 4 .
Table 4
Parameters of the relations shown in Fig. 5 respiration at a daily rate, while the accuracy of prediction is improved if a proxy for photosynthesis such as PPFD is integrated in the model (Table 5 ). When we used GPP as additional predictor, the predicted values of soil respiration were highly correlated with the observed ones but the prediction was not accurate. This fact might be at least partially explained considering that in our study GPP values included not only the photosynthesis of the trees but also that derived from the herbaceous vegetation present in the orchard floor. Moreover, additional factors not considered in this study esuch as the temporal variability of soil fertility and soil moisture due to mineral supply and irrigation e might have played a role in controlling the changes in soil respiration over the season.
In conclusion, we verified that less than 50 % of the variability of soil respiration in an apple orchard was explained by temperature. Although temperature-related models to predict soil respiration at a local and global scale are very widespread, we demonstrated that including a proxy of tree photosynthesis, such as PPFD, into a temperature-based model increases the accuracy of the prediction of soil respiration in an apple orchard. This effect is likely due to the control of photosynthesis on C availability for the root system, whose contribution to total soil respiration increases with light regimes, GPP, NPP and temperature. Our results therefore support the C-assimilates-supply-to-roots theory and the need for a more eco-physiological perspective to understand soil respiration. . All relations between observed and predicted are significant for p < 0.0001. The parameters assessing the quality of the models are reported in Table 5 . The dotted line indicates the identity line.
